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Abstract
The structure of two new phases in the bismuth manganite system are reported. The phases
were determined by electron diffraction studies of two oxygen-deficient bulk samples. The first
phase, a minority component of bulk BiMnO2.94 forms a n=2 Ruddlesden-Popper phase with
space group Cmc21. The second phase, from bulk BiMnO2.99, is an orthorhombic structure
with spacegroup Pmn21 and a unit cell approximately equal to 4×√2×2√2 times the parent
perovskite cell. Importantly both phases are non-centrosymmetric and offer further potential
for multiferroic studies.
1. Introduction
Bismuth manganite, BiMnO3, a perovskite-based oxide has been studied widely over recent years
because of the potential for multiferroic behaviour1–4. A permanent magnetic dipole arises in the
perovskite structure from the ferromagnetic interaction within the manganese oxide sub-lattice,
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whilst the lone pair of 6s electrons associated with the Bi ion can lead to the Bi being displaced
from the equilibrium centre of the basic perovskite unit, breaking the centre of symmetry and hence
allowing the possibility of a permanent electric dipole. Evidence for such multiferroic behaviour,
seen clearly in, for example, BiFeO3 5 has also been established in BiMnO3−x 6.
The accepted structure for stoichiometric bismuth manganite (BiMnO3) at room temperature
and pressure is a monoclinic cell with lattice parameters a=9.532Å, b=5.606Å, c=9.854Å and
β=110.67°1,2. However studies on non-stoichiometric manganite samples6 have shown that devi-
ations from this structure can occur for only very small changes in composition. In most of the
literature, structural analysis is based on X-ray or neutron data and while these techniques allow
structure solution and refinement to be performed with great accuracy for bulk materials, they do
lack the high spatial resolution and sensitivity to weak symmetry breaking that can be achieved
using electron diffraction. There is always the possibility that BiMnO3 samples (especially those
that are non-stoichiometric) are heterogeneous and as such different phases may contribute to one
or both of the ferroelectric and ferromagnetic signals. Electron microscopy and electron diffraction
enable the structures of individual phases to be probed with near nanometre spatial resolution.
2. Experimental Method
Samples of bismuth manganite were prepared at 850 °C under a pressure of 4.5 GPa by the reaction
of Bi2O3 (previously preheated to 700 °C in oxygen), with an appropriate mixture of MnO and
MnO2, to enable control of the oxygen content. EDAX studies were performed to ensure the
correct Bi : Mn ratio of 1 : 1 in the samples6. TEM samples were prepared by grinding the
as-prepared powder in a pestle and mortar and adding a small amount of volatile solvent (diethyl
ether). A droplet of the mixture was then placed on a holey carbon TEM film and allowed to dry.
There is evidence that bismuth manganite samples exhibit a high degree of electron beam sensi-
tivity7 and as such the majority of electron diffraction experiments here were undertaken at 150kV
accelerating potential to reduce the possibility of knock-on damage and loss of oxygen. Diffrac-
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tion experiments were performed on a Philips CM30 TEM fitted with a Nanomegas SpinningStar
precession apparatus and also on a Philips CM300 FEGTEM. Precession angles used were in the
range of 10-30 mrad. Diffraction patterns were recorded on Ditabis imaging plates and Kodak
film. Automated diffraction tomography8 was performed on a Tecnai F20 with data recorded on
a CCD camera. We examined two non-stoichiometric samples with bulk composition BiMnO2.94
and BiMnO2.99.
3. Results and Discussion
3.1. BiMnO2.94 - a new Ruddlesden-Popper phase
A new phase, a minority component of the highly oxygen deficient bulk sample BiMnO2.94, offered
a challenge for structural determination. The substantial difference between the structure of this
new phase and any distorted, or superstructured perovskite made the identification and indexing of
zone axis patterns at first problematic. Automated diffraction tomography8,9 was used to acquire
a series of electron diffraction patterns about a single tilt-axis and combining the data into a 3-
D reciprocal space construction enabled an application of a Niggli cell reduction routine using
the Dirax software10. This yielded an orthorhombic cell with a=16.8Å, b=5.51Åand c=5.45Å.
Using this unit cell, zone-axis precession electron diffraction (PED) patterns could then be indexed
consistently, examples of which are shown in Figures 1a) to 1d).
These patterns indicate the following conditions for allowed reflections: from 1a) h00, h=2n;
0k0, k=2n; hk0, h+k=2n; and from 1c) 00l, l=2n, h0l, h,l=2n. In addition the [100] zone axis (shown
in Figure 2) adds the further conditions 0kl, k=2n and hkl h+k=2n. Such reflection conditions allow
only 2 possible orthorhombic space groups Cmc21 and Cmcm. To differentiate between the two
space-groups it is necessary to identify the whole pattern symmetry of the [100] and/or [010] zone
axis, as this will differentiate between mm2 and mmm point-group symmetry. Figure 2 shows a
montage with (left) a convergent beam electron diffraction pattern recorded parallel to the [100]
zone axis, and (middle and right) after tilting about the c-axis away from the zone-axis to yield an
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‘inverse HOLZ’ pattern11. There is evidence (indicated with arrows in Figure 2) both in the zone-
axis pattern and the ‘inverse HOLZ’ pattern for a small breaking of the mirror symmetry across the
(001) plane, confirming a mm2 point group and thus the non-centrosymmetric space-group Cmc21.
The cleavage properties of this particular material meant that the majority of crystals viewed in the
electron microscope were oriented with the [100] axis close to the optic axis of the microscope and
where [010] orientations were found, the recorded patterns were of insufficient quality to be used
for confirmation of symmetry breaking.
The cell parameters and metal atomic coordinates (determined from direct methods12,13 and
charge-flipping14 algorithms) showed that this phase was inconsistent with a perovskite super-
structure (as seen for the conventional monoclinic bismuth manganite structure), but instead the
structure fitted one based on perovskite sub-cells separated by layers with a different local sto-
ichiometry and structure. While bismuth-containing compounds can form Aurevilius phases15,
here the structural evidence points to a n=2 Ruddlesden-Popper (R-P) phase16 (A3B2O7) as the
correct structure with perovskite (ABO3) sub-cells separated by rock-salt (AO) structural units.
Evidence for a three-layer repeat (ABO3-AO-ABO3) can be seen in the relatively strong row of
3k3 reflections in the [101] zone axis pattern (Figure 1d).
A proposed structure for the n=2 Ruddlesden-Popper Bi3Mn2O7 is shown in Figure 3, with the
atomic positions listed on the right-hand side of Table 1. Starting with ideal n=2 R-P positions the
metal atom positions were refined using PED data. Such diffracted intensities are known not to
be kinematic and so here we used an alternative refinement scheme which considers the order (or
rank) of the diffracted beam rather than the intensity. This was recently proposed as a better metric
of refinement for PED data than conventional methods17. Once a best-fit had been found for the
metal atoms alone, the oxygens were then introduced into the refinement, with initial atomic co-
ordinates based on an ideal R-P phase18, and the whole structure refined using the same ‘ranking’
metric. However, the insensitivity of the data to the oxygen positions led to some error in the
refinement, as shown by the final uncertainty in the oxygen atom positions.
Powder X-ray diffraction of the bulk BiMnO2.94 sample, as shown in Figure 4, indicates that
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the predominant phase is the conventional monoclinic bismuth manganite, but that there are a
number of additional weak peaks present that do not correspond to the monoclinic phase. Several
of these peaks can be indexed based on the R-P bismuth manganite structure, as shown in the
inset of Figure 4, although there is significant overlap between many of the peaks associated with
the R-P structure and the perovskite, especially at higher scattering angles. This suggests that
the bulk sample is actually comprised of two different phases, a majority monoclinic (BiMnO3)
phase and a minority orthorhombic (Bi3Mn2O7) phase with a n=2 Ruddlesden-Popper structure.
This co-existence of phases with different composition could certainly account for the apparent
non-stoichiometry of the bulk sample.
3.2. BiMnO2.99 - a new phase with an orthorhombic perovskite superstruc-
ture
The composition of the second bismuth manganite bulk sample was BiMnO2.99, but despite the
close chemical proximity to the stoichiometric ideal this phase showed a structure significantly
different from the conventional monoclinic phase. Recent X-ray powder diffractometry of this




2ap 6 where ap
is the lattice parameter of the parent cubic perovskite cell. Superlattice reflections can be seen in
Figures 5a) and b) which show CBED patterns recorded parallel to the [010] and [100] zone axes
of the orthorhombic cell. However, here the reflections indicate that the cell parameters for this





cell length in two directions compared to the initial X-ray result. Careful measurement yielded
unit cell parameters of a=15.6Å, b=5.52Å and c=11.1Å. The reflections are consistent with the
lattice being primitive, but Figure 5a shows the presence of an n-glide plane normal to (010),
resulting in extinction conditions h0l, h+l=2n. There are further conditions h00, h=2n; 00l l=2n
which lead to Pmn21 or Pmnm as allowed space-groups. The unit cell and space group suggests
a structure similar to that of Bi(Mn/Ni)O3 reported by Hughes et al.20 who postulated a Pmn21
space-group. A model based on this structure but using only manganese atoms is shown in Figure
5
6 (with proposed atomic positions shown in Table 2).
Conclusive proof of the space-group of the BiMnO2.99 phase required careful analysis of the
[100] zone-axis to discover any breaking of mirror-symmetry across the (001) plane. There is little
evidence of such symmetry breaking in the ZOLZ layer of this zone-axis (as seen in Figure 5b)
but HOLZ reflections are more sensitive to subtle breaks in symmetry. Figure 7 shows a wider
angle view with HOLZ reflections visible in a [100] zone-axis pattern. There is some, albeit
weak evidence of a lack of mirror symmetry across the (001) plane in these outer reflections (as
highlighted in Figure 7).
The lack of mirror symmetry is made much more evident after the sample is tilted about the
c-axis away from the [100] zone axis to a minor zone-axis. Here the interaction with the HOLZ
reflections is much stronger (as they have a much smaller g-vector) and the appearance of HOLZ
deficiency lines in the ZOLZ reflections is more evident. Figure 8 shows a pattern recorded after
tilting approximately 21° away from the [100] axis, close to the [670] zone axis. The convergence
angle is such that the 002 and 002 reflections dominate. These reflections are coupled by the
strong 004 reflection and, given the likely four times repeat of the sub-lattice in the c-direction
this 004 vector is very sensitive to symmetry breaking across the (001) plane. In Figure 8 there is
indeed significant symmetry breaking across the (001) plane both in the 002/002 pair and also in
the HOLZ reflections. The lack of mirror symmetry supports mm2 as the point group and indicates
that Pmn21 is the space-group, in agreement with that of the phase proposed by Hughes et al.
3.3. Discussion
It is clear from previous studies that bulk materials with the two compositions studied here exhibit
stable magnetic polarisation6. There is a strong case for orbital ordering as the mechanism for
ferromagnetic behaviour1 in the large orthorhombic structure of the BiMnO2.99 phase in this study.
The large magnetic response of the bulk BiMnO2.94 sample suggests that the majority phase does
exhibit ferromagnetism, but it is unclear at this stage whether this is true also for the minority
Ruddlesden-Popper phase, Bi3Mn2O7. There is however, evidence of stable antiferromagnetic
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or ferromagnetic behaviour in other manganite systems that assume the n=2 Ruddlesden-Popper
structure22,23.
Of perhaps greater importance for potential multiferroic applications is understanding the na-
ture and origin of ferroelectricity in these samples. Previously, polarisation experiments showed
that both bulk bismuth manganite samples studied here exhibit ferroelectric behaviour6. The single
phase BiMnO2.99 sample exhibits ferroelectricity, which supports the evidence in the diffraction
studies in favour of the non-centrosymmetric Pnm21 space group. The correspondence between
this structure and the large polar Ni-doped oxide structure reported by Hughes et al.20 can be
explained by considering that an oxygen vacancy can be accommodated by a reduction in the
manganese oxidation state, in a way similar to the change in oxidation state brought about by the
substitution of a divalent cation, such as nickel. In our case the oxygen deficiency is small (1 in
300) but seems to be sufficient to stabilise this structure.
The BiMnO2.94 bulk sample is a more difficult case to assess because of the mixed phase nature
of the sample. The very small reported electric dipole of the bulk sample could be explained by
it originating in the non-centrosymmetric Ruddlesden-Popper minority phase, Bi3Mn2O7 (space
group Cmc21), with the remainder of the sample having a non-polar monoclinic space group (pos-
sibly C2/c) and so contributing nothing to the electric polarisation per unit mass. There is still
some debate surrounding the centrosymmetry of the monoclinic phase of bismuth manganite24
and electron diffraction studies are currently in progress to confirm any symmetry breaking. With
regard to a possible ferroelectric signal in the R-P phase it is worth noting the recent article by
Benedek and Fennie25 which discusses the possibility of ‘hybrid improper’ ferroelectric behaviour
in Ca3Mn2O7 (the calcium analogue of the R-P bismuth manganite phase discussed here).
4. Conclusions
Two new crystal structures have been discovered within the bismuth manganite system from sam-
ples with a bulk composition of BiMnO3−x. These have been investigated using a variety of
7
electron diffraction techniques and from which, information about the unit-cell parameters, space
group and atomic co-ordinates of the structures has been determined. The first new phase is a n=2
Ruddlesden-Popper structure with space group Cmc21, while the second new phase is a perovskite
superstructure with space group Pmn21. Both phases have non-centrosymmetric structures which
supports the possibility of multiferroic behaviour. Further studies are underway to grow and char-
acterise single-crystal samples of the new phases to enable bulk analysis of their magnetic and
electric properties.
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Figure 1: Precession electron diffraction patterns from the orthorhombic phase found in the
BiMnO2.94 sample, recorded parallel to a) [001], b) [011], c) [010] and d) [101] zone axes.
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Figure 2: Montage of convergent beam electron diffraction patterns; (left) recorded parallel to
[100] and (middle and right) after tilting about the c-axis to an ‘inverse HOLZ’ condition. Arrows
indicate a breaking of the mirror symmetry across the (001) plane.
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Figure 3: The structure of the n=2 Ruddlesden-Popper phase Bi3Mn2O7 viewed along the c-axis.
The MnO6 octahedra are shaded, manganese are grey and the calcium are blue (colour online)
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Figure 4: Powder X-ray diffraction pattern recorded for the BiMnO2.94 sample. The majority of
the peaks correspond to those expected for the monoclinic BiMnO3 phase. The inset shows several
peaks indexed according to the planar spacings of the n=2 Ruddlesden-Popper (Bi3Mn2O7) phase,
these are: A - 311, B - 600, C - 511 and 020 and D - 800, 021, 402 and 221.
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Figure 5: Convergent beam electron diffraction patterns recorded parallel to the a) [010] and b)
[100] zone axes of the BiMnO2.99 sample
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Figure 6: Structural model of the orthorhombic BiMnO2.99 phase (atomic positions based on
Hughes et. al.20) viewed along the b-axis. The MnO6 octahedra are shaded, the manganese are




Figure 7: Composite electron diffraction pattern recorded parallel to the BiMnO2.99 phase [100]
zone axis, showing mirror symmetry breaking in the HOLZ reflections
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c*
Figure 8: CBED disks recorded after tilting away from the BiMnO2.99 [100] zone axis, by 21°
along [010]. The dotted line indicates the broken mirror symmetry across the (001) plane.
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Table 1: (left) Atomic co-ordinates of Ca3Ti2O7 from Elcombe et al.18 and (right) refined atomic
co-ordinates of Bi3Mn2O7 using PED data. Errors were estimated using the approach described in
Vincent et al.19.Space group in both cases is Cmc21, for the bismuth manganite sample a = 16.8Å,
b = 5.51Åand c = 5.45Å.
Atom Wyckoff x y z Atom x y z <error>
Ca1 4a 0.2517 0.0000 0.0290 Bi1 0.22 0.00 0.03 0.01
Ca2 8b 0.7410 0.1876 0.4747 Bi2 0.74 0.18 0.48 0.01
Ti1 8b 0.2491 0.0989 0.5000 Mn1 0.24 0.10 0.50 0.01
O1 4a 0.8124 0.0000 -0.0132 O1 0.76 0.00 -0.02 0.06
O2 8b 0.6958 0.1972 0.0132 O2 0.78 0.21 0.03 0.07
O3 8b 0.5378 0.0860 0.2883 O3 0.50 0.10 0.27 0.07
O4 8b 0.0378 0.1099 0.2117 O4 0.05 0.09 0.23 0.06
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Table 2: Atomic Positions For BiMnO2.99 based on the Bi(Mn/Ni)O3structure proposed by Hughes
et al.20 Space group Pmn21. a = 15.6Å, b = 5.52Å and c = 11.1Å.
Atom Wyckoff x y z
Bi1 2a 0.000 0.0177 0.1285
Bi2 2a 0.000 0.4702 0.8692
Bi3 2a 0.000 0.5269 0.3751
Bi4 2a 0.000 0.9774 0.6348
Bi5 4b 0.7546 0.9686 0.1183
Bi6 4b 0.7469 0.4771 0.8793
Mn1 4b 0.1234 0.4937 0.6267
Mn2 4b 0.8766 0.0149 0.8774
Mn3 4b 0.6266 0.0097 0.8759
Mn4 4b 0.8741 0.5074 0.1279
O1 4b 0.1531 0.7200 0.4995
O2 4b 0.2467 0.4410 0.6660
O3 4b 0.8929 0.6890 0.2708
O4 4b 0.8460 0.2680 0.0009
O5 4b 0.8668 0.8050 0.0249
O6 4b 0.9026 0.7630 0.7592
O7 4b 0.9020 0.2700 0.7570
O8 4b 0.7546 0.0620 0.8430
O9 4b 0.6165 0.7080 0.7640
O10 4b 0.6436 0.8060 0.0121
O11 2a 0.5000 0.0700 0.9120
O12 2a 0.0000 0.5440 0.596
O13 2a 0.0000 0.4720 0.1070
O14 2a 0.0000 0.0410 0.9250
20
